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PATENT.  OFFICE: 

od for the concentration of the isotopes of car- 
bon and more particularly if relates fo a method 
0f separatirg the light and heavy isotopes 
carbon contained in a mixture thereof by the 
preferential absorption of the lighter isotopes by 
living chlorophyllic organisms. 
Recently there, bas developed a great need for 
iarge, amounts o5 Concèntraed isotoPes of var- 
tous hemicai elements inciiding Càrbon. These 
isot0pes are oï enormous value to research 
workers in the fields of tracer chemistry and 
medicine. It is to be noted that the concentrated 
iSotopes of arbon are of great utility, particu- 
larly in the fields of organic chemistry and the 
biological sciences. Reactions may be studied in 
greater detail and structures which were hereto- 
fore uncertain may now be positively established 
by means of hese isotopes. For these reasons 
It is to be expected that large quantities of the 
isotopes of carbon will be indemazïd to satisfy 
the needs in these fields.  " ' 
In the past, various methods for the conCen- 
tration of isotopes bave been devised and used. 
Perhaps the flrst of these wáS the mass-spectro- 
graphic method which séparated only minute 
quantities of isotopes. Other methods for effect- 
ing the enrichment of an isotope followed and in- 
clude separation by various diffusion means such 
as porous wall diffusion, gravitational diffusion, 
and thermal diffusion. Other methods of enrich-. 
ment include electro-chemical means, fractional 
distillation, and chemical exchange reactions. 
Ai1 these methods are valuable for the concen- 
tration of particular is0topes and find applica- 
tions in isotopic production at the Present rime. 
However, many are too Costly in operati0n for 
Che concentration of carbon isot0pes Or are not 
feasible for other reasons. 
Now it bas been round that the heavier iso- 
topes of carbon may be separated from the 
lighter isotopes present in a mixture by feeding 
carbon dioxide formed from the mixed isotopes 
fo chlorophyllic organîsms whereupon the car- 
bon dioxide containirg the lighter isotopes is 
preferentially absorbed and utilized by the or- 
ganisms. The principal reaction involveï in the 
process appears fo be a Ph0tosynthesis reaction 
in which the simple carbon dioxide is cònverted 
nto complex. molecules incorPorated inthe liv- 
ing tissue of the organism. In tiais manner if is 
possible fo separate the heavier carbon isotopes 
13 and 14from the lighter carbon isotope 12 con- 
ained in a mixture. (Hereinafter said isotopes 
will be abbreviated as C'0 - C  and 

It is therefore an 0bject of the present inven- 
tion fo provide a useful, practical photosynthesis 
method for the concentration  of C  andother 
heavier isotopes of carbon. 
5 It is a further object of the present invention 
to provide a method for the concentration ofthe 
C  by a process using photosynthesis reactions. 
It is a further object of the present invention 
to provide a photosynthesis method for. the con- 
10 centration of the heavy isotopes-of carbon which 
is readily adaptable fo commercial production of 
said isotopes. 
It is a further object of th e present invention to 
provide a method for the enrichment of C  in 
15 mixtures of gases using .low cost materials in 
easily operated processes and equipment. 
Other objects and advantages will  be apparent 
from the following.description taken in conjunc- 
tien with the accompanying drawing of a flow 
20 diagram fllustrating the invention 
The basic photosynthesis reactions Which oc- 
cur in green plants are not fully understood. 
However, it is known that plants which contain 
chlorophyll are able to Utilize carbon dioxidë to 
25 form complex organic molecules when they are 
exposed to sunlight. Accordingly, present 
theories indicate that light !urnishes the energy 
required for the reduction of the/carbon dioxide 
in such reactions. Many-theorieS bave suggested 
30 mechanisms for the photosynthesis reduction of 
 ' carbon dioxide by chlorophyllic organisms but the 
present invention is hot fo be bound by the valid- 
ity of any such explanations but only by the fact 
that the concentration of isotopes takes place as 
35 herein described. If normal carb0n dioxide 
" which contains about 1% of C  is reacted under 
controlled conditions with plant lire, the C ' is 
preferentially removed from the carbon dioxide 
feedstock. Therefore,.the residual carbon dioxide 
40 is proportionately ritieF ïn c . 
It will be appreciated  o'f course, ttiat thë heav- 
ier isotopes also are anabolized and, therefore, 
that organiskhs- nourished On  carbon dioxide 
which bas been ënriched in theheavier is0topes 
45 will themselves be Proportionately richer in the 
heavier isot0pes than ttie original carbon dioxide 
feedstock and it miglt be said,that such organ- 
isms were enriched with respect fo said isotope. 
The organisms nourished with the 0riginal fCd 
50 stock carbon dioxide wfll become relatively de- 
pleted with respect t0 heavier ist0peb0ntëïit 
and, therefore, shóuld bë discaded from ï the 
System. In the event that the organisms at any 
stage of the pocess bec0me enriched Wih the 
55 desired isotope, carbon dioxide formëd by - bun- 
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ing said organisms is returned fo the system. If 
appears that the preferential rate of absorption 
of the lighter isotopic carbon dioxide slows up as 
the heavier isotope concentration increases and 
that a steady tate is finally achieved, which state 
may be regarded as ac6mplex equilibrium state 
betweerf tlquantitfes Of the leavïr isotopes in 
the resi.dual carbon dioxide and the heavier car- 
bon isotopes present in the compounds forming 
the tissues of the organism. 
enrichment of the residual carbon dioxide may 
be speeded and carried fo greater proportions by 
emploYing both carbon di0xide  and organisms 
which have been enriched with the deslred is0- 
tope. 
Moreover, by repeating the 0Peration by em- 
ploying appropriate batchwise cyclic or counter- 
current cyclic processes with the reintroduction 
of enriched material into the sequence of opera- 
tions, any desired degree of enrichment can be 20 
effCted. If the ïeedstock miXture employed in 
thé= pr0cess c0ntains the radioactive isotope C 
if ïs likewise concentráted. 
It has been ïound that, by employing organisrns 
which are able fo derive all of the carbon 
quired in their metabolic processes ïrom carbon 
di0xid the ïull benefits and advantages of the 
prpcèss maY be obtainedl  ÇThe algae have been 
qùite suitable for the pfip0ses of the invention. 
Oth grówing 0rganisms, i. e., organisms capable 
oï ndergoing photosynthesis, may also be used 
with appropriate modification of the process. 
 Iiï generl the pr0cess may be operated as a 
batch prcesby employing a.cl0sed system which 
is alaptëdtothë growing of the organism 
ploFed .Appropriate apparatus may be equipped 
f: emperature contr01, ï0r agitating and illu- 
miatflg thëmixture, for introducing the carbon 
diode feedstock and fO# collecting and remov- 
in the reactedcrbo .dioxide. An appropriate 
ut.ie  medium, Such as Hoagland's solution, 
mayalso be supplied in any appropriate fashion. 
Wleïi the process is operated in a continuous 
muitistage, fashion, provision must bè ruade for 
bUg of the 0rgänisms in which the propor- 
ti0 p'the Carb0nïsotope has beèn increased and 
f0b the reintrodction oï the isotcpically en- 
richC carbon dioxide ïormed thereby. 
 Partcular details 0ï the process will become 
more apparent from a consideration of the fol- 
lowing examples illustrating the operation of 
tFpicat processes in accordance with the present 
invention. The specific values indicated in said 
eamPlés are for illustrative purposes only and 
ae no .t 0 be. construed as limitative of the in- 
verti0n .. . 
.  :. .ExampleA 
" :The first stage of thé processl as illustrated 
in the drawing, can be operated in a single stage 
btchwise fÇshion for enriching normal carbon 
dioxide with respect fo C  as follows: î5 kilo- 
grains of algae (Chlorella pyrenoidosa or scene- 
desm)which bave been benrifuged to re- 
move exceSs wat!:.are introduced into the 
Cl0sed system together ith an appropriate 
quanti%y of anutrient soiïtion,. preferably with 
lowintensity illumination. The operation of the 
process is begun by illuminating the algae with. 
Visibie light from a suitable source and by in- 
 troducing carbon dioxide: Sunlight has been 
f0hnd entirely suitable for illumlnating the algae 
while artificiaÏ light may also be empl0yed. The 
carbon dioxide is preferably intr0ducëd in admix- 
turc-with a diluent gas, such as ordinary air or 
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nitrogen, in a concentration not exceedlng about 
10 percent or hot exceeding the limit which 
normally tolerated by the organisms. The car- 
bon dioxide is introduced ai such a rate and in 
5 such a ïashion that a pedetermined proportion 
oï the crbondioxide .i:: Çrged by the algae. 
Under thë descried cefidition abSut 100 grams 
per minute oï carbon dioxide which normally 
: contains about 1% of C1O is introduced. The 
reaction is l!oved fo proceed af such a rate that 
about 80% oî the incoming carbon dioxide re- 
acts. Under these .conditions the effluent 2O% 
of the cabon dioxide isfound fo contain about 
1-.038% CO. ' Since the algae become relatively 
5 impoveried wh respect :to C  and thereïore 
the efficiency 0ï he process tends fo drop after 
 . an extended peri0d oï operation, the algae are 
removed and discarded and new algae are intro- 
duced. The relative quantifies oï carbon 
oxide prescrit in the various gas.eou s mixtures 
may be continuously indicaed by .means of infra-. 
red adsorption cell equipmentand the isotopic 
composition of the various.admixtures of carbn 
dioxicle are determined b mass spectrographic 
25 analysis. " 
Exampl B .: 
The operation of the completeProcess, a il!Us- 
träted in the drawing;-wil! 'è described for er- 
0 ïecting an enrichment of ormal carbon dioxide 
with respect to C . Each of the stages 'of  the 
two stagè'process illustrated in the drawing op- 
erates in a fashi0n very similar fo the batchwise 
operation 0ï the first stag_e, as described in 
35 ample A. However, in the prescrit case appro- 
priate modification is marie ïor the burning oï 
algae derived from the secorid stage and intro- 
duction oï th carbon dioxide so derïved int0 
the first stage. Accordingly,. a recycling eiïect 
40 is obtained and the proceSs:is operated in a con- 
tinuous counter:Surrent ïashion. 
preciated that the secondstage is of a prdp0r- 
tionately smaller Capacity snce the qCntitY of 
carbon dioxide which must.:be treated is less than 
4, ttiat oï thé rst' sçage. 
vVith the apparatus arranged fo providÇ for 
continuous counter-current- operation, as shown 
in the drawïng, the foilowing sequence oï evens 
occurs: Vith about î5 kiÏograms oï/centrifuged 
O algae (Chlorella pyrenoidosa: or scenedesmï): 
present in the first stage bï-the. System a/d a0Ut. 
15 kilograms of álgae in thé second stage oï the 
system, normal., crbon dioxide is introduced in 
the ïn'st stage of the .gYtem, as described in 
 Example , and the effluent residual 20% 0 tle 
carbon di0xide is introcluçed in  the sed0nd 
stage. Asa steady state is.aPproChed in each 
stage, algae are withdrawn fróm hseco.rd stage 
and burned fo form carbon diexie . t.he ate 
60 oï :about 19:1 g./m., which/Çb0 !.ioxide ïsf fed 
into the first stage.- The efflu_encarbon dioxide 
from the first Stage comprises crbo, dioxide 
which bas been singly enrichèd wi.th, respeçt rb 
c  and the effluerit caçbon dioide fro the sec- 
65 ond stage comprises- Carbon.-doxide:.vhiclï bas 
been doubly enriChedwith respect t0 'C  Under 
the steady, state conditions described,: if isïotïnd 
that the singlY enriched. Caon: di0kide contains 
about 1.038% oï co .and.. the doubly enriche_d 
70 carb0n dioxide contains about 1.0î8%-. CO as 
compared fo-the orlgiàl/c.arbon, di0Xide w.hich 
contains about 1% er COe. On the basis of a 
100 g./m. input of normal carbon dioxile to the 
first stage and with recycling, about 23:9. g.m. 
? of singly enilièd carbor êlioxide and 4.8 g.ïm. 



of doubly enriched earbon dioxlde are produced 
in the respective stages. For a two stage process 
without recyciing, if has been round that only 
about 4.0 g./m. of a similar product is obtained. 
In the process employing recycling, the basis for 
the calculation of the 80% carbon dioxide utili- 
zation, of course, takes into consideration the 
quantity of carbon dioxide being recycled. 
The foregoingexamples illustrate tYpical proc- 
esses operated in accordance with the invention. 
It will be apparent that the process resembles a 
multiple plate distillation process in which each 
stage is similar in operation to the "plates" of 
the distillation system. In the present case each 
stage (plate) achieves an increase of 4% over 
the original quantity of C 1S present. By supply- 
ing an appropriate number of stages any degree 
of enrichment can be effected. While the in- 
vention has been described with respect to an 
enrichment with respect to C 13, it is applicable 
to the separation of any of the heavier carbon 
isotopes from the lighter isotopes present in a 
mixture. Thus, C « present in a mixture may 
aiso be recovered, in which.case, the quantity of 
C 1 present is easily determined by means of a 
rhin mica window Geiger-Miiller tube radioac- 
tivity counter. 
Other organisms besides those indicated may 
be employed in the process, the requirements for 
such organisms are believed apparent from the 
foregoing description. Under some conditions of 
operation, barley seedlings bave proven satis- 
factory. The temperature conditions under 
which the various organisms, thrive vary some- 
what but, in genera], a temperature of between 
about 15 ° and 35 ° C. is satisfactory. Thecon- 
centration of CO maintained over the algae 
in each stage should be between about /2 and 
10% by volume of the gas which in contact with 
the algae mixture and with the remainder con- 
sisting of a gas which is inert with respect to 
the photosynthesis reaction. 
The carbon dioxide which has been sufliciently 
enriched with the desired isotope can be con- 
verted into barium carbonate by absorption in 
a barium salt solution to provide an easily 
handled article of manufacture. 
As employed in the present application, the 
term "chlorophyllic', is intended to indicate that 
the organism is capable of utilizing carbon di- 
oxide in a photosynthesis reaction. 
While the salient features of this invention 
have been described in detail with respect fo 
two embodiments, it will be apparent that nu- 
merous modifications may be ruade within the 
spirit and scope of the invention, and if is in- 
tonded to cover all such that fa]l within the 
scope of the appended claires. 
What we claire is: 
1. In a method of concentrating an isotope of 
carbon inc]uding the enrichment of carbon 
oxide with respect to a heavy isotope thereof, the 
Stol comprising continuously contacting a 
gaseous mixture containing an inert gas and 0.5 
to 10 volume percent of carbon dioxide which 
contains a mixture of heavy and light carbon 
isotops with chlorophyllic plant lire in a first 
closed system to preferentially remove carbon 
dioxid containing the lighter isotopes to yield 
carbon dioxide singly enriched with respect to 
the heavier isotops, continuously removing said 
enriched carbon dioxide from the system, con- 
tinuously contacting said singly enriched carbon 
dioxide with chlorophyHic plant lire in a second 
closed system to yield carbon dioxide doubly en- 
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tched with respect to said heavy isotope con- 
tinuously removing said doubly enriched ca»bon 
dioxide from the system, removing quanttties of 
plant life from said second system, burning said 
5 removed plant lire to form carbon dioxide, and 
introducing said formed carbon dioxide into said 
first system. 
2. In a .photosynthesis method for concentrat- 
ing an isotope of carbon including the enrichment 
10 of càrbon dioxide with respect to a heavy isotope 
thereof; the steps comprising contacting chloro- 
phyHic plant lire in a flrst closed system with 
normal carbon dioxide contained to the extent of 
about 0.5 fo 10 volume percént in admixtu'e with 
15 an inert gas whereby the C202 is preferentially 
removed by the plant life and carbon dioxlde en- 
riched with C30 is produced therein, separating 
the enriched carbon dioxide from the systom, 
contacting said enriched cabon dioxide con- 
20 tained to the extent of about 0.5 to 10. volume 
percent in admixture with an inert gas with 
chlorophyllic ,plant lire in a second closed system 
whereby the carbon dioxide is doubly enriched 
with respect to CO2, and recovering said doubly 
25 enriched carbon dioxide from the system. 
 3. A method for concentrating C 1 in normal 
carbon dioxide comprising contacting said car- 
bon dioxide present to the extent of about 0.5 to 
10 volume percent in admixture with an inert gas 
30 with plant lire in a closed system whereby said 
plant life preferentially absorbs C202 from the 
ca»bon dioxide in said mixture to produce carbon 
dioxide singly enriched with CO, separating 
said enriched carbon dioxide from the system, 
35 similarly contacting said enriched carbon dioxide 
with a second mass of plant lire whereby the 
growing plant mass preferentially absorbs CO 
from the cabon dioxide producing carbon diox- 
ide doubly enriched with CO, separating the 
40 doubly.enriched carbon dioxide from the system, 
and burning quantities of the second mass of 
plant lire to produce carbon dioxide, recycling 
said produced carbon dioxide including the repi- 
tition of said steps to achieve further enrichment. 
4 4. A photosynthesis method for concentrating 
heavy isotopes of carbon contained in normal 
carbon dioxide comprising contacting said car- 
bon dioxide whfle present fo the extent of 0.5 fo 
10 volume percent in admixture with an inert gas 
50 with green plant lire in a closed system to pref- 
erentially absorb CO contained in said carbon 
dioxide and produce carbon dioxide enriched with 
CO, and separating said enriched carbon diox- 
ide from the system. 
55 5. A process of enriching carbon dioxide with 
respect to the heavy isotopes of carbon contained 
therein comprising contacting said carbon diox- 
ide while present to th.e extent of 0.5 to 10 volume 
percent in admixture with an inert gas with a 
60 first mass of chlorophyllic organisms in a closed 
system to preferentially absorb lighter isotopic 
carbon dioxide in a photosynthesis reaction 
sulting in an enrichment of the residual carbon 
65 dioxide with respect fo the heav.ier isotopes of 
carbon, separating said enriched residual carbon 
dioxide from said organisms, repeating said steps 
of contacting and separating, said ca»bon dioxide 
as a multiple sequence of stages including said 
70 operations of contacting and separating employ- 
ing multiple masses of organisms, .producing car- 
bon dioxide from quantities of said masses of 
organisms, introducing said produced carbon 
oxide into earlier stages in said sequence, and 
5 recovering carbon dioxide enriched with respect 
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to sid he9y isotbpes:from sid .sequence Of 
stages. " . , " " 
6. The Rrocess as in claire 5, wherein sd 
organisms.comprise lgae. 
. e process asin claire 5, where quantifies 
oï the orgasms derived ïrom said first sge ao 
are burned and the carbon dioxide so produced 
is introduced to said first stage. 
8. The Drocess of enrichg carbon dioxide with 
respect fo the heavy isopes, of carbon contaed 
erein compring conttg said carbon diox- 
ide wle present to.the extent of 0.5 to 10 vole 
percenç in axture with an ert gas with 
chlorophyllic plant liïe in a closed sysm. 
9. In amethod for concentratg CO2 con- 
tained in normal carbon oxide, the step com- 
prising contacting said carbon dioxide while pres- 
ent to the extent .oï 0.5 to 10. volume percent  
admixture with an inert gas wi algae in a 
closed system untfl thevole thereof has been 
reduced .to less than about 20% of the origal 
volume, and then separatg said carbon diox- 
ide ïrom the system. 
10. In a method of concntrating an isotope 
of carbon including the eichment of ca»bon 
diode with respect to the heavy isotopes thereof, 
the steps compring contuously contacting 
a gaseous mture containing an inert gas and 
0.5  10 volume percent of carbon dioxide which 
contains a xture oï heavy and light carbon 
isotoDes wi algae in a first closed system until 
abouç 80% of e origal volum.e thereoï is ab- 
sorbed and the residual carbon dioxide is singly 
eiched with respect to the .heavie otopes, 
contuously remoing said eiched:carbon di- 
ode from said sstem, Continuously contacting 
said em'iched carbon dioxide wi. algae in a sec- 
ond closed system until .bout 80 of e original 
volume therof is absorbed and the residual car- 
bon oxide is doublF enriched wi e heavier 
otopes, remoing said doUbl enriched carbon 
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dioxide .from-the system, conttnuously rernoving 
quantities of algae from .said second system, 
burning said removed algae fo form carbon di- 
oxide, and introducing said formed carbon diox- 
5 ide into said first system. 
11. A method for concentrating heavy isotopes 
of carbon from carbon dioxide containing a mix- 
ture of heavy and light isotopes thereof coin« 
prising contacting said carbon dioxide while prs- 
10 ent to the extent oï about 0.5 to 10 volume per- 
cent in admixture with an inert gas with chloro- 
phyllic Plant ]ife in a closed system whereby said 
plant lire preïerentially absorbs the lighter iso- 
topic carbon leaving carbon dioxide singly en- 
1.5 riched with the heavier isotopes, separating said 
enriched carbon dioxide from the plant lire, simi: 
larly contacting said enriched ca»bon dioxidein 
admixture with an inert gas with a second mass 
of plant ]ife whereby the carbon dioxide is doubly 
20 enriched withrespect to said heavier carbon iso- 
topes, separating said second mass of plant lire 
and doubly enriched carbon dioxide, burning 
quantifies Of the second mass of plant liïe form- 
ing carbon dioxïde which is enriched in said 
25 heávier isot0pes with respect to the original car- 
bon dioxite, and recycling the carbon dioxide 
formed thusly including a similar repetition of 
the ïoregoing steps, thereby effecting, a ïurther 
. enrichment Of said enriched carbon dioxide with 
3O respect to said heavier carbon isotopes. 
MELVtN CALVIN. 
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